Background. The World Health Organization recently prequalified a typhoid conjugate vaccine (TCV), recommending its use in persons ≥6 months to 45 years residing in typhoid fever (TF)-endemic areas. We now need to consider how TCVs can have the greatest impact in the most vulnerable populations.
The recently published multicenter Typhoid Fever Surveillance in Africa Program (TSAP) revealed a significant burden of invasive Salmonella disease in sub-Saharan Africa [1] . These data largely confirmed estimates generated by two recent systematic reviews [2, 3] and suggested that the burden of typhoid fever in parts of sub-Saharan Africa is increasing [2] . Correspondingly, the relative contribution of Salmonella as an agent of invasive disease is rising, contrasting the dramatic reduction of invasive bacterial disease caused by Haemophilus influenzae type b and Streptococcus pneumoniae in African infants, a consequence of routine immunization against these pathogens. Such immunization programs are not yet available to prevent invasive Salmonella disease.
Salmonella enterica serovar Typhi (S. Typhi) causes typhoid fever, and the S. enterica serovar Paratyphi A (less commonly B and C) causes the clinically indistinguishable disease paratyphoid fever. Infection with other Salmonella serovars, the nontyphoidal Salmonella (NTS) serovars, generally result in a self-limiting diarrhea. However, NTS organisms can also induce a systemic infection in susceptible individuals, resulting in invasive NTS (iNTS) disease [4] . Globally, typhoid fever and iNTS disease are estimated to be responsible for 20.6 and 3.4 million illnesses and 223 000 and 681 000 deaths annually, respectively [3, [5] [6] [7] .
Presently, there are three typhoid vaccines available: (1) an injectable polysaccharide vaccine composed solely of purified Vi antigen (ViPS vaccine), which is licensed for adults and children aged ≥2 years; (2) a live attenuated oral vaccine available in capsular formulation, licensed for adults and children aged ≥5 years (Ty21a); and (3) a recently licensed typhoid conjugate vaccine (TCV), comprising of Vi antigen covalently linked to a carrier protein. The TCV elicits sustained immunoglobulin G anti-Vi response after single-dose administration to infants, toddlers, and older age groups [8, 9] .
The efficacy of the ViPS and Ty21a vaccines is approximately 70% at 3 years after immunization and about 60% for Ty21a 7 years after immunization [10] . The ViPS vaccine is safe, well tolerated, but weakly immunogenic in infants, with antibody titers being only short-lived [10] [11] [12] ; Ty21a is not licensed for use in preschool children, infants, or toddlers. These particular properties, in addition to limited global production capacity, render these two vaccines ineligible for Gavi subsidy in developing countries. The World Health Organization (WHO) has recommended vaccination with a single dose of TCV in children from 6 months of age to adults up to 45 years of age living in areas where typhoid fever is endemic, with an emphasis on introduction alongside other Expanded Program on Immunization (EPI) vaccines at 9 months or in the second year of life [13] .
Data have existed for approximately 20 years showing that a TCV, consisting of Vi linked to exotoxin A of Pseudomonas aeruginosa (Vi-rEPA), was immunogenic in preschool children and young infants (with doses given at 2, 4, and 6 months of age). Furthermore, two doses of Vi-rEPA conferred 89% protection over 46 months in 2-4-year-old Vietnamese children in a randomized controlled trial. That study generated substantial anticipation that Vi-rEPA (and other TCVs) would be licensed and prequalified in a reasonable time frame [14] . However, it was not until the end of 2017 that a TCV, Typbar-TCV®, manufactured by Bharat Biotech International and licensed by the Indian National Regulatory Agency, was recommended by the Scientific Advisory Group of Experts (SAGE) for use in infants, toddlers, and older persons [15] . In 2018, the vaccine was prequalified by the WHO, making it eligible for United Nations agencies procurement and Gavi support [16] .
In a randomized, placebo-controlled human volunteer challenge study, Typbar-TCV® conferred protection against 54.6% (95% confidence interval [CI], 26.8%-71.8%) of typhoid fever infections when the primary endpoint was defined as fever of ≥38.0°C for ≥12 hours or S. Typhi bacteremia. Using an alternative endpoint of S. Typhi bacteremia after fever of ≥38.0°C, the vaccine efficacy of Typbar-TCV® was 87.1% (95% CI, 47.2%-96.9%), compared with 52.3% (95% CI, -4.2% to 78.2%) for ViPS for the same endpoint [17] . Phase III and IV trials are planned in endemic countries, and manufacturers are developing other TCV candidates [18, 19] . Although the TCVs are effective only against S. Typhi, several vaccines against iNTS disease are at an early stage of development, some of which are bivalent, targeting both S. enterica serovars Enteritidis and Typhimurium [20, 21] . A typhoid fever/iNTS disease conjugate vaccine targeting S. Enteritidis, S. Typhimurium, and S. Typhi is commencing phase 1 clinical trials in 2018 [22] .
With a first TCV now available for procurement and Gavi subsidy, and with a battery of prospective vaccines in the pipeline, relevant epidemiological data are needed to inform decision making regarding vaccine target groups and introduction strategies. A detailed understanding of typhoid fever hot spots and disease in infants and young children are important for identifying the most effective vaccination strategy. Furthermore, the feasibility of introducing TCV into the existing EPI needs to be considered alongside priorities of targeting children early enough to prevent infection in infancy. Here, we reanalyze the data obtained through the TSAP to obtain incidences in the children <5 years old by yearly age increments and stratify them by different African regions.
METHODS
To understand the occurrence of invasive Salmonella disease in infants and young children, we conducted further analysis using recently published TSAP disease incidence data [1] , stratifying by 12-month age increments for children aged 0-10 years of age (Table 1) and by region, East versus West African TSAP study sites (Table 2) . Briefly, the TSAP study performed blood culture-based surveillance in febrile persons presenting at healthcare facilities in 10 countries: Burkina Faso (2 sites), Ethiopia, Ghana, Guinea-Bissau, Kenya, Madagascar (2 sites), Senegal, South Africa, Sudan, and Tanzania (2 sites) [1, 23] .
Patients of all ages (except in Ghana where only children aged <15 years were enrolled) with acute fever (≥37.5°C axillary or ≥38.0°C tympanic) or history of fever (≥3 consecutive days in the past 7 days) attending healthcare facilities in a defined catchment area were enrolled, and blood samples were taken to isolate bacterial pathogens. In total, 13 431 blood samples were assessed, from which 568 were positive yielding non-contaminant isolates. The most commonly isolated non-contaminant pathogens were S. Typhi (135; 23.8%), iNTS (94; 16.5%), Staphylococcus aureus (70; 12.3%), E. coli (47; 8.3%), and S. pneumoniae (43; 7.6%); 179 other non-contaminant pathogens (31.5%) were identified in lower frequencies (ie, Klebsiella pneumoniae and oxytoca, Acinetobacter spp., Enterobacter spp., and Pseudomonas spp.). The proportion of contaminated blood cultures was highest in Burkina Faso reaching 24% in one site, 12% in Guinea-Bissau, and <10% in the remaining settings presented here [1] . Burkina Faso, Ghana, Guinea-Bissau represented West Africa; Kenya, Tanzania, Sudan, and Madagascar, East Africa. Ethiopia, South Africa, and Senegal were excluded, owing to the absence of person-years of observation (PYO) data from these sites.
To evaluate the disease burden across all TSAP sites, we deployed a Poisson model that was adjusted for site as a random effect. This approach was used to estimate the incidences of S. Typhi and iNTS disease in each of the age strata. In addition, a stratified Poisson model was fitted to estimate disease incidences in the various age groups in each region (GLIMMIX in SAS software; version 9.4; SAS Institute). This model was then used to generate pan-African and regional (East and West Africa) incidence estimates. The ethics committees of all collaborating institutions at the TSAP sites and that of the International Vaccine Institute (Seoul, Republic of Korea) approved the TSAP study protocol.
RESULTS
Overall age data from all 10 countries showed S. Typhi and NTS to be the most frequently identified non-contaminant organisms, with a total of 135 and 94 isolations, respectively [1] . After exclusion of 12 typhoid fever and 4 iNTS disease isolates from Ethiopia, South Africa, and Senegal owing to the absence of PYO data, 37 (30.1%) of 123 cases of typhoid fever and 71 (78.9%) of 90 cases of iNTS occurred in children aged <5 years (Table 1) . No cases of typhoid fever and 8 (8.9%) of 90 iNTS infections were observed in infants aged <9 months (Figure 1 ). Of the 37 children with typhoid fever, 17 (46.0%) were hospitalized; 58 (81.7%) of the 71 children with iNTS disease were hospitalized. This disparity in hospitalization rates was significant (P < .001; χ 2 -test) but did not remain significant after adjustment for age (maximum likelihood estimation; P = .07). Expanding these analyses to all age groups, 38 (30.9%) of 123 patients with typhoid fever and 68 of 90 (75.5%) with iNTS were hospitalized (maximum likelihood estimation; P = .047).
Our data demonstrated that typhoid fever was most common in children aged 2 to <8 years, whereas iNTS disease peaked in children aged <5 years, particularly in those aged <2 years ( Figure 1 ). The annual typhoid fever incidences (per 100 000 PYO) for children aged <1 year and 1 to <2 years were 5 and 39, respectively. The age group with the highest typhoid fever incidence (304/100 000 PYO) was 4 to <5 years (Table 1) ; the age group with the highest iNTS incidence (233/100 000 PYO) was 1 to <2 years (Table 1) .
After stratifying surveillance sites by geographic location (East vs West Africa) ( Table 2) , we observed a significant difference in disease incidence between the two regions (P = .009; χ 2 test).
Notably, the annual incidences of typhoid fever and iNTS disease were higher in the West African than in the East African sites (Figure 2 ). The cumulative incidence of typhoid fever in children aged <5 years, per 100 000 PYO, was 279 in West Africa, compared with 154 in East Africa. The iNTS incidence in the same age group, per 100 000 PYO, was 828 in West and 48 in East Africa (Figure 2 ). Crude cases adjusted for recruitment pattern unique to the site in Tanzania: before 11 November 2011 every fifth eligible patient was recruited, and from 11 November 2011 every second eligible patient was recruited. Adjusted cases (presented parenthetically) were used to calculate crude rates.
DISCUSSION
The data evaluated here are the first systematically collected multisite incidence data for typhoid fever and iNTS in young children in Africa, which provides evidence of a substantial typhoid fever burden that merits vaccine use. Our findings on typhoid fever burden are largely consistent with recent disease burden estimates [2] . A high incidence of typhoid fever in children aged 2 to <4 years has been recorded in previous studies in Kenya [24] and India [25] , and similar results have also been obtained from Vietnam [26] and Bangladesh [27] . The "Diseases of the Most Impoverished" program provided data for children <2 years of age in two countries, India and Indonesia, and found that the burden of typhoid fever in this age group was comparatively low [28] . In contrast, iNTS disease seems to affect mainly individuals in sub-Saharan Africa, and its geographic range correlates with the occurrence of malaria [29] .
The delay of a WHO-prequalified TCV resulted in many years of sparse use of typhoid vaccines in endemic areas, because the existing vaccines were not eligible for Gavi subsidy and only one vaccine manufacturer had a WHO-prequalified product. The recent availability of the first WHO-prequalified TCV and the specific SAGE recommendations constitute a potential turning point. Existing vaccine policies are being reassessed, and it is paramount to identify the optimum time of administration for the effective integration of typhoid vaccines into existing vaccination programs. Based partly on the data presented here, SAGE recently recommended the use of TCVs in children aged <2 years and proposed further disease surveillance to identify high-risk areas [15] .
We found that children aged <5 years bear the highest burden of typhoid fever and iNTS infections and that West African TSAP sites had a higher disease burden than East African TSAP sites. Independent of the investigated sites in both African regions, our data suggest that there is a high burden of typhoid fever in children aged <5 years, affecting children as young as 9 months of age. These findings are aligned with the recommendation to introduce TCV at 9 months [13] , in order to ensure maximum protection of the at risk population and slow the increase of multidrug-resistant Salmonella. Coadministration of TCV with the first dose of measles vaccine at age 9 months may be a practical approach [9] . For example, our data demonstrate that a vaccine against both typhoid fever and iNTS disease administered at 9 months of age would have been delivered before 100% (all 123) of the typhoid fever infections and 95.5% (86 of 90) of the iNTS disease infections occurred in the TSAP. Therefore, even a vaccine with a lower efficacy and a shorter duration of protection would have measurable impact on disease at a young age and may allow for boosting at a later stage. (Figure 1 ). Given that S. Typhi, a pathogen restricted to humans, is now appropriate for effective prevention through vaccination at age 9 months, in accordance with recent WHO recommendations [13] , TCV should be introduced in high-risk areas without further delay. For iNTS disease, we encourage the development of iNTS conjugate vaccines targeting S. Typhimurium/S. Enteritidis serovars that could be prioritized in malaria-endemic areas of Africa or, potentially, a combinatory trivalent (S. Typhi/S. Typhimurium/S. Enteritidis) vaccine to comprehensively tackle the invasive Salmonella disease [22] . Given that about 10% of iNTS infections occur in children aged <9 months, a future iNTS vaccine may need to be introduced at an earlier EPI time point. This could potentially be coupled with maternal vaccination before childbirth, as done for other vaccines [30] ; however, more data are required to substantiate this approach for iNTS disease. Consequently, the most likely scenario would be to deploy TCV for the prevention of typhoid fever at 9 months of age and pursue the development of an iNTS vaccine to be administered earlier within the current EPI program to tackle iNTS disease.
In addition to the limitations previously outlined for the TSAP study [1] , it is important to address the difficulties encountered when obtaining blood samples from infants and young children. The volume of blood collected during TSAP was often lower (<1 mL) than recommended by manufacturers of analytical devices, and a higher proportion of contamination was observed in children than in adults. These issues may have reduced the ability to detect pathogenic bacteria, including both S. Typhi and iNTS disease. The relatively low burden of S. Typhi in the blood of patients with bacteremia could also result in an underestimation of S. Typhi in the very young age group [31] . It is also important to note that the differences observed between West and East African sites were estimated only within TSAP sites, and further studies in other regions of Africa, particularly rural settings, are required to confirm this finding.
In conclusion, this analysis of the occurrence of invasive Salmonella in children aged <5 years provides evidence of the high burden of typhoid fever in Africa and complements data presented at the recent SAGE meeting, much of which was reflected in a position taken by the WHO in 2018 [13, 15] . The TCVs are now recommended for use in children aged <2 years, and there is a WHO-prequalified TCV in place for use. The high burden of typhoid fever in the TSAP sites merits introduction of TCV at age 9 months, coinciding with the first measles vaccine dose. This strategy would have permitted vaccine delivery ahead of all S. Typhi infections identified in TSAP. The evidence presented here also highlights a significant burden of iNTS infections in children aged <5 years, a burden that will persist beyond TCV introduction until a safe and effective and iNTS vaccine is introduced in immunization programs. Considering the high incidence of typhoid fever and iNTS disease, the development and introduction of a trivalent vaccine against S. Typhi, S. Typhimurium, and S. Enteritidis may be a solution for comprehensively addressing the burden of invasive Salmonella infections in Africa. 
